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Periodicity is a very
phenomenon

my periodic behavior:

® Moving objects usually have
10:00am office

periodic behaviors:

|:00pm home
. 2:00pm office

° :00p
people: go to work and go 600 home
back home every weekday 7:30pm office
® animals: migrate yearly '1:00pm home

gym, tues. & thurs.
grocery, weekend

® Mining periodic behaviors is
useful to:
® summarize over long
historical movement
® predict future movement
® detect abnormal event

bald eagle:
yearly migration




The problem of mining

periodic behavior

® Given movement sequence with constant

time gap (i.e., one point every hour) of
moving object, Loc = locilocs - - - locy,

corresponding periodic behaviors

® Goal: (1) detect periods and (2) summarize

8:00 | 9:00 | 10:00 17:00 | 18:00 | 19:00
dorm 0.9 0.2 0.1 0.2 0.7 0.8
office 0.05 | 0.7 0.95 0.75 0.2 0.1
unknown || 0.05 | 0.1 0.05 0.05 0.1 0.1

a possible periodic behavior for daily period
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Mining multiple interleaving periodic
behaviors is challenging

Raw data of David’s movement Periodic behaviors

® Periodic Behavior #1

2009—02-05 07:01 (601, 254) 5 (Period: day; Time span? Sept. — May)
2009-02-05 09:14 (811, 60) é 9:00-18:00 in the office

2009-02-05 10:58 (810, 55) 20:00-8:00 in the dorm

2009-02-05 14:29 (820, 100) ; ® Periodic Behavior #2

§ (Period: day; Time span:June — Aug.)
2009-06—12 09:56 (110, 98) § 8:00—18:00 in the company

2009-06—-12 11:20 (101, 65) 20:00-7:30 in the apartment
2009-06-12 20:08 (20, 97) | ® Periodic Behavior #3

2009-06—-12 22:19 (15, 100) § (Period: week; Time span: Sept. — May)

13:00-15:00 Mon. and Wed. in the classroom
14:00—16:00 Tues. and Thurs. in the gym

multiple periods
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Directly applying FFT on the
movement sequence

A

T F movement sequence:
:::ﬂﬁilhgyc (1,2), (2,3), 3,1), (1,2), 2,3), (3,1 ...

———

® Transform points into

(x,y) = xtyi
142i 2+3i 3+1i 1+2i 243i 3+1i ...

(Xy) —> y*xi
2+1i 3+2i 1+3i 2+1i 3+2i 1+3i ...

® Apply Discrete Fourier Transform on
complex plane



Previous method is sensitive to
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Find the to observer

the movement

® The concrete trajectory is not important.

® We can observe its movement from the hive (in or out).
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The movement is transformed into a binar
hive or outside hive).
The period in the binary sequence is easy to be detected.

sequence (in
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reference spots = frequently
visited locations
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Periodica outline

® Step |:Detect periods
® find reference spots
® for each reference spot:
® movement is transformed into a binary sequence
® detect periods in the binary sequence

® Step 2: Summarize periodic behaviors
® for each period, segment the movement by period
® hierarchically cluster segments

® a behavior is summarized over the segments in a
cluster
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Periodica: Detect periods:
find reference spots

Running Example
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e first 50 days: daily periodic
behavior between nest and
foraging area

e second 50 days: daily periodic
behavior between another
nest and the same foraging
area

Reference spot:
(1) frequently visited regions/locations;
(2) than a random location
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Use kernel-based
method to calculate
the densities

Reference spots:
contours of high
density places



Periodica: Detect periods:
transform into in-and-out

inside ref.spot 1 —» -

=
]
1
|
|
il
]

outside ref. spot 1 —> o 1 2 s 4 5 & 7

day

! ! ! ! 0
50 51 52 53 54 55

L
2 3 4 5 6 7 8 9 10
day day



Periodica: Detect periods:
detect periods in binary sequence

inside ref.spot 1 = \n — mn M Om nnom T
outside ref. spot 1 —» o AL
15 -
P1
10
®
il
(periodogram) will give a B P
O Mol e o T T
1 0 500 1000 1500 2000
range of periods. ) Perogran
. further 400 \ \
. Pl <—T=24
confirms the exact periods.
200}
100~ \~"/ "~~~ \" 7/ T\ T\
0O 2‘0 4‘0 6‘0 8‘0 100

(b) Circular autocorrelation



Periodica: Detect periods:
detect periods in binary sequence
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Periodica: Detect periods:
detect periods in binary sequence

inside ref.spot 1 —» -

i M rnmnomnmnor
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®
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Periodica outline

® Step |:Detect periods
® find reference spots
® for each reference spot:

® movement is transformed into a binary sequence

® detect periods in the binary sequence

Step 2: Summarize periodic behaviors

® for each period, segment the movement by period
® hierarchically cluster segments

® a behavior is summarized over the segments in a
cluster



Periodica: Summarize behaviors:
movements using the period

* First, the movement is symbolized using ref.
spots. (0 means it is outside any ref. spot.)

* Given the period T=24(hours), the movement is
segmented into “‘day’’s.

dyl 2222202221 111100101011
dy2 222222222121 1111100111
dyn 330333333111 T101T1TT11T]1
dyntl 3303333311101 T1TT1001T1]



Periodica: Summarize behaviors:

hierarchically segments
2222202221 L0100 111111 — R I e e e e I e
222222222|2||||||0||||-—.| 1/10]10]10f0/(. ]075]10]10]10
222202222101 100 010101011111 2 |10)075)10)10] .. [ 0 [ O [ O | O
20222222200 0001000001 | 310101010 /f../0}0]01}0
0 0O 025 O 0 ... 10251 O 0 0
33033333311 111011 T TIT1I spot| 1 | 2 | 3 | 4| .. |21 |22]23] 24
3330333311101 I1TT1T1O0OOI1T1 1 = | BE! 0 0 0 0| ... 10.75]10.75|1 1.0 | 1.0
3330303333101 11O1T1TT1O11 — — 2 0 0 0 of| ..l o 0 0 0
333333303111 1001001011111 3 101000751051 .ol ol o] o
0 0 0O 10.25] O .. 10.2510.25]1 O 0

cluster (a set of segments) = behavior = probability matrix

* Bottom-up hierarchical clustering.
* [nitially, each segment is a behavior.
* The distance between behaviors are calculated using KL-divergence.

20



Periodica: Summarize behaviors:

hierarchically segments
2222202221 111101111111 — spot] 1 P27 3[4 . [21[2[2 [0
222222222|2||||||0||||-—."|__I 110 .0,010}.1]0/110}10/10
2222022221 1100111111111 211007 101101 - 10101010
2022222220000 100 11111 | (3foforofJof.lofJojo]oO
0| oj0250 0 o] ..Jo2s] o] ofo
33033333311 111011 T TIT1I spot| 1 | 2 | 3 | 4| .. |21 |22]23] 24
3330333311101 1T1TT1O00111 — | 1 [of]o ool . [o7s[o7s]10]10
3330303333101 11O01TTO1I —4 — 1 2lo0o]Jo]Jofo]..lO0Of]O0O]O]|oO
333333303111 10011111111 3 [10]1.0]075/05] . |0 ] 0] 0] 0
0 0 0 [0.25] O .. 10.2510.251 O 0

cluster (a set of segments) = behavior = probability matrix

* Bottom-up hierarchical clustering.
* [nitially, each segment is a behavior.
* The distance between behaviors are calculated using KL-divergence.
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Periodica: Summarize behaviors:

hierarchically segments
2222202221 11110011 E111 — spor] 1 F2T 3[4 Jar]2 2]
222222222|2||||||0t|||-—."|__I 110 001014 |05p10,10]10
2222022221 1101111 TELII 211007 101101 - 1010 010
2022222221111 11001 1ELLI | [3]ojorofof..]ojofo]o
0 | 040250 0] 0. fo2sf0o o0f]o
33033333311 111011 T TIT1I spot| 1 | 2 | 3 | 4| .. |21 |22]23] 24
3330333311101 1T1TT1O00111 — | 1 [of]o ool . [o7s[o7s]10]10
3330303333101 11O01TTO1I —4 — 1 2lo0o]Jo]Jofo]..lO0Of]O0O]O]|oO
333333303111 10011111111 3 [10]1.0]075/05] . |0 ] 0] 0] 0
0 0 0 [0.25] O .. 10.2510.251 O 0

cluster (a set of segments) = behavior = probability matrix

* Bottom-up hierarchical clustering.
* [nitially, each segment is a behavior.
* The distance between behaviors are calculated using KL-divergence.
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Periodica: Summarize behaviors:
the of periodic behaviors

® Use representation error to

_ y S Finally, two periodic behaviors are detected.
monitor the of segments

in a cluster. o8 -_
® Rep error increases as clusters 206
merge. S o f[Em
® The indicates the 02| roour = =
I"ight number' Of Periodic % 12345 6789 1011L201?1415161718192021 22232425
behaviors. (a) P of periodic behavior #1
0.5 1 _
0.4 °-8|—H _|‘ 0
Zogl
3w od[mm
ozl matts
g0_1 % 123456789 101112131415 161718 192021 22232425
. | | | 1 (b) P of periodic behavior #2
0 20 40 60 80 100

# of clusters

21



Qutline

® Motivation
® Previous Method

® Periodica

® Summary

22



A real bald eagle:
Step | Detect periods

Original movement data:

Time span: Jan, 2006 to Dec., 2008
Number of points recorded: 2204
Movement is linearly interpolated using time gap
as 24 hours

150

Period detected using
Fourier transform and

150

ool 100/ autocorrelation:
ref. spot period
| 363
) 363
) 5‘0 1(‘)0 150 0O 50 100 150 3 3 6 4

density map reference spots
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A real bald eagle:
Step 2 Summarize behaviors

® Segment movement by 363 days
® “year’’s are clustered into one cluster

1

o
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Dec 30, 2008

Probability
o
o))

©
o~

B spot #1
B spot #2
0.2| i spot #3
unknown

0
0O 30 60 90 120 150 180 210 240 270 300 330 360
Day

T
& T
&Q}f,{?: A3 A

“This bald eagle stays in New York area (i.e., reference spot
# 1) from December to March. In March, it flies to Great
Lakes area (i.e., reference spot #2) and stays there until the
end of May. It flies to Quebec area (i.e., reference spot #3)
- z{l,%. ’ in the summer and stays there until late September. Then it
= SIIOJNO"\%OZOZI%ASJTAGEBCT* & @ flies back to Great Lake again staying there from mid October

mage arm Service Agency. ” (] . ;
e e B to mid November and goes back to New York in December.”

48°15'46.80" N 78°37'57.00"W  elev. 863 ft Eye alt 1299.10]
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Synthetic human movement:
Step | Detect periods

synthetic data:
20:00~8:00 at home
9:00~14:00 at office on weekdays
15:00~17:00 at gym on Tues. &Thurs.
15:00~17:00 at class on Mon.,Wed., & Fri.

Period detected using
Fourier transform and
autocorrelation:

Obs. Spot Home | Office | Gym | Class

Periods (hours) 24 24,168 | 168 168

density map reference spots

25



Synthetic human movement:
Step 2 Summarize behaviors

Segment movement by day and week separately.

Segments are clustered into one behavior.

1

0.8f
2
= 0.6
o)
©
o]
© 041
o Il Home
0.2 I Office
[ ]Unknown
0
01234567 8 910111213141516171819202122232425
Hour
1
Il Office
0.8 B Gym
o Class
= Unknown
= 0.6
©
o]
04
o
0.2

0
0 12 24 36 48 60 72 84 96 108 120 132 144 156 168

Hour
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daily periodic behavior

weekly periodic behavior
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Summary

® We propose the idea of to detect
periods.
® Reference spots are detected using -based
method.
® Periods are detect using and

® Periodic behaviors is modeled as a
® Behaviors are summarized via

° is used to determine the
number of behaviors.
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Thanks!
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